To estimate the natural and fishing mortality of whelk, Neptunea arthritica, a multiple tagging experiment was carried out in Shiriuchi, Hokkaido between August 1991 and March 1994. Whelks collected by trapping surveys were used in tagging experiments. All recaptured whelks were released back again so that a statistical model based on binomial distribution could be developed. Maximum likelihood estimator of the natural mortality coefficient and that of exploitation rate were determined numerically. Analysis of the recovery data show: (i) no size-dependent mortality was observed in whelks larger than 40 mm in shell height; (ii) the daily natural mortality coefficient was 1.438 ¥ 10 -3
INTRODUCTION
Shellfish resources in coastal areas are overexploited easily because of their lesser mobility. Neptune whelk Neptunea arthritica is a commercial gastropod distributed around Hokkaido. This species is an important target of trap fishery in Shiriuchi and fishery management of the species is required.
Reproduction and mortality are important parameters of fishery management. Growth and reproduction of N. arthritica have been well studied, [1] [2] [3] [4] [5] [6] [7] [8] but published information about its mortality is available only in a study by Fujinaga and Nakao. 9 They estimate the mortality rate of each age class from the density of individuals; however, there is no distinction between natural mortality and fishing mortality in their study, which is important for evaluating the effect of fishing on the whelk population. To estimate fishing effect, an analysis of age distribution is usually used. 10 But the age characteristics of N. arthritica have not yet been investigated.
Tag and recapture experiments are also used for mortality estimation. [11] [12] [13] Sudden death after release is a major problem in the case of fish tagging studies.
14 For gastropods, a tagging experiment is more suitable because their sudden death after marking occurs less frequently. In studies of whelk Dicathais orbita, 15 nodulose reef creeper Cerithium nodulosum, 16 abalone Haliotis laevigata and Haliotis ruber, 17 successful tagging experiments and estimates of mortality have been reported.
The aim of the present paper is to estimate the natural mortality and exploitation rate of commercial fishing on N. arthritica in the Shiriuchi fishing ground. We developed a statistical model to describe multiple tag-and-recapture data. According to the model, we estimate the mortality coefficient as a constant and exploitation rates as variables, which depend on every sample group.
Original Article
Estimation of natural mortality and exploitation rates of whelk Neptunea arthritica by multiple tagging experiment marked with numbered plastic tags to identify individuals. A tag was set in a 2 mm hole drilled at the upper growing edge of the shell, and fixed with hot-melt adhesive (Fig. 2) . After marking, the shell heights of all of the whelks collected were measured before being released at the sampling point. Prior to the field experiment, the effect of marking on the survival of a whelk was examined in an aquarium. In this experiment, marked and unmarked whelks were kept in the same tank for 3 weeks and none of the marked whelks died during the period; hence, we concluded that the effect of marking on survival was negligible.
Marked whelks were then recaptured in research surveys and during commercial fishing. Recaptured whelks caught during research surveys had their shell heights measured and were then released back at the sampling point. During research surveys, newly marked and unmarked whelks were also released. Commercial whelk fishing operated on the offshore side of the fishing ground in 1992 and 1994, and on the inshore side in 1993. More than 120 fishery households were allowed to operate whelk fishing in Shiriuchi. Each fishery used 90 traps (three sets of gear). Fishing periods lasted approximately 20 days and fishermen soaked their traps every day. In 1992, we recommended that operating near the sampling point be avoided because we released marked whelks just before the fishing started. Therefore, the fishing effort on the marked whelks may be different throughout these 3 years. Recaptured whelks caught during commercial fishing were kept in a breeding tank at Shiriuchi Fisheries Nursery Center until the end of the fishing period to avoid any duplicate recapture. After the fishing period,
MATERIALS AND METHODS

Field studies
A marking and recapture experiment was carried out from August 1991 to March 1994 at the whelk fishing ground in Shiriuchi, Hokkaido. During this period, six marked groups were released and nine samples were collected by research surveys and by commercial fishing. The fishing ground was a shallow area (< 30 m in depth) along the coast (Fig.  1) . The fishing ground was divided into two sides: inshore and offshore. The sampling point was positioned on the offshore side. Each side of the fishing ground was exploited alternately every other year.
Research surveys were repeated seven times and new markings were performed six times. Whelks used for marking experiments were caught by trap 2 km off Shiriuchi. The sampling operation was the same as that for ordinary whelk fishing. 18 they were measured and released back at the sampling point.
Mathematical methods
Whelk fishing lasted for quite a short periodapproximately 20 days and it was treated as impulsive. For convenience, we assumed that all whelks recaptured during commercial fishing were caught on March 10 every year. Because all of the recaptured whelks were released back again, the sampling procedure of marked whelks used was sampling with replacement. Therefore, we assumed that the number of recaptured whelks follows binomial distribution. The binomial distribution model for sighting data analysis has been reported elsewhere. 19, 20 We expand this model to describe multiple tagging data. A statistical model for the multiple tagging experiment of whelks was then developed on the assumptions that: 1. Natural mortality is constant in any size classes and tagging group; 2. All of the recaptured whelks are reported and then released back again; 3. There is no fishing gear selectivity; 4. Effects of marking and recapture on survival are negligible; 5. Wild and marked whelks were distributed randomly and each of them was captured equally near the sampling point; and 6. Population was closed.
We defined these variables following Iwao, 21 in which M is the natural mortality coefficient; E i is the exploitation rate of sample i; P ji is the probability of capture in sample i for a whelk marked in sample j; m i , is the number of marked whelks recaptured in sample i; n i is the total number of whelks caught in sample i; y j is the number of whelks newly marked and released in sample j; c ji is the number of whelks recaptured in sample i first marked in sample j; t ji represents the time interval from release at sample j to recapture in sample i.
Probability of recapture P ji is a product of probability of survival and probability of being recaptured, and is defined as follows:
(1) Suppose sampling and release was performed k times, the likelihood function of the field data L can be written as: (2) whereby is the number of combinations to get c ji from y j . We call this model the binomial model. 
We also examined the normal approximation of the binomial model so as to consider overdispersion. 19, 20, 22, 23 From equation 2, we get the following normal distribution model:
whereby f is the dispersion parameter.
The following four types of models were examined:
Model 1: binomial model; all of the exploitation rates in research surveys were the same, and the exploitation rates during commercial fishing were different each year.
Model 2: binomial model; the exploitation rates during research surveys were different each time, and the exploitation rates during commercial fishing were also different.
Model 3: normal distribution model; the exploitation rates during research surveys were different each time, and the exploitation rates during commercial fishing were also different, without overdispersion (f = 1).
Model 4: normal distribution model; the exploitation rates in research surveys were different each time, and the exploitation rates during commercial fishing were also different, with overdispersion (f π 1).
Substituting equation 1 and the recapture data for equations 2 and 3, we estimated M, E i (i = 2 . . . k) and f, which gives the maximum value of the likelihood function. In actual calculations, we took the logarithm of likelihood function, and minimized negative log likelihood function for convenience. A simplex minimization program 24 was used to obtain a numerical solution. Standard errors of estimates were calculated from Fisher's information matrix.
25
RESULTS
The result of the mark-recapture experiment is summarized in Table 1 . The total catch weight during the research surveys ranged between 18.4 kg and 74.2 kg, and ranged between 33.9 ton and 134 ton during commercial fishing. As shown in Table 1 , we caught 1646 whelks during the first research survey, of which 1328 were marked. Among the marked whelks caught during the first research survey, 33 were recaptured in the second survey and 14, 6, 1, . . . 214 whelks were caught subsequently. We also caught 1725 whelks during the 
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second survey and marked 1597 new whelks. Among the marked whelks in the second survey, 36, 20, 3, . . . 373 whelks were recaptured during subsequent surveys and commercial fishing. Although marked whelks were recaptured during seven research samplings and three commercial fishing operations, the greatest portions of the recovery were seen during the commercial fishing in 1994 (16.1-58.3%). In comparison, recapture rates were much lower in 1992 and 1993.
To examine the relationship between recapture rate and size of whelks, shell height distributions of whelks were compared between released samples and recaptured samples at the release time (Fig. 3) , and no significant differences were found (Kolmogorov-Smirnov's two samples test; P > 0.05). We have already shown in a previous study that there is no selectivity between whelk size and fishing gear used during tagging experiments; 26 hence, we conclude that there is no difference in survival rates among size classes larger than 40 mm in shell height.
Natural mortality and exploitation rates were estimated using the data shown in Table 1 . To examine the robustness of this estimate, a wide range of initial values was set in order to calculate the maximum likelihood estimator. But the resultant estimator converged well on a unique value and no dependence on the initial condition was observed.
The estimated value of parameters and standard errors of each models are shown in Table 2 . Although the fishing effort of each research survey was the same, Akaike's Information Criterion (AIC) 27 value of Model 1 is the largest of the four models. The resultant estimators and AIC value of Model 2 and 3 were similar to each other. The resultant estimators of Model 4 were similar to that of Model 3, but the standard errors were estimated to be approximately 1.7 times larger than that of Model 3 and the value of dispersion parameter was estimated to be 2.86. This result shows that the recaptured number was overdispersed. The AIC value of Model 4 was the smallest of all the models; therefore, it is concluded that Model 4 gives the best estimates of parameters. From Model 4, the daily natural mortality coefficient was estimated as 1.438 ¥ 10 -3 (0.5249 annual mortality coefficient); that is, the annual survival rate of the natural population was calculated to be 59%. The exploitation rates of research surveys ranged between 1.0% and 7.3%, whereas the exploitation rates of commercial fishing in 1992, 1993 and 1994 were estimated as 0.1%, 11.7% and 77.3%, respectively. Exploitation rates of commercial fishing in 1992 and 1993 were very small. This result reflects the fact there were no commercial fishing operations near the sam- pling point in 1992 so as to avoid catching whelks just after release, and that in 1993 commercial fishing operated in the inshore fishing ground, where the release point was not situated.
DISCUSSION
In the present study, whelks were collected by trap. Although the fishing effort of each research survey was the same, the exploitation rates varied widely. There are two considerable causes for this variation: (i) the patchy distribution of marked whelks; and (ii) changes in environmental conditions. The efforts of commercial fishing were much greater than that of research surveys, but commercial fishing in 1992 and 1993 recaptured fewer marked whelks. Commercial fishing during these years operated beyond the sampling point. Conversely, many marked whelks were recaptured in commercial fishing in 1994, which operated on the offshore side, which includes the sampling pint. This result shows that released whelks had less mobility and that they did not spread throughout the fishing ground. The sampling effort of the present study's research was too small to cover this patchy distribution and may be a cause of overdispersion. Overdispersion in mark and recapture data has been reported previously in other fish tagging studies, 28, 29 and was observed in the present whelk tagging experiment. Changes in environmental conditions (e.g. water temperature, tidal current, 30, 31 and substratum) 32 might also be the cause for the wide variation in exploitation rates. From the result that Model 2 gives a better AIC value than Model 1, it is thought that the effect of these environmental factors varied in each survey but might be the same in different release groups caught during the same survey.
Estimated value of the natural mortality coefficient of N. arthritica (0.5249/year) was smaller than that of Buccinum tsubai (0.9281/year) 33 and B. tenuissimum (0.961/year). 34 Conversely, the result shows the high exploitation rate of whelk fishing in Shiriuchi. The exploitation rate of commercial fishing in 1994 was 77.3%, and the annual natural mortality rate was 41%. During that year, the total mortality rate of fishing-sized whelk was estimated as 86%. Assuming that fishing took place after all the natural deaths occurred, the percent fishing mortality rate of total mortality is 53%. Thus, at least 53% of whelks' deaths were attributable to fishing in the exploited area. Although this result is applicable only to the marked whelk population, it is obvious that the fishing intensity of commercial fishing was higher near the sampling point. Although the actual size of the exploited area has not been obtained, it can be estimated from the number of traps. Assuming that the number of fishery households is 120, whereby each uses 90 traps, and the effective range of each trap is 4.4 m in radius, 32 then the exploited area is estimated as approximately 0.66 km 2 in one day. The area of each side of the fishing ground is approximately 18 km 2 ; therefore, approximately 3.6% of one side of the fishing ground is exploited in one day. Usually fishermen change their fishing gear position every few days, so it is assumed that not a small portion of the fishing ground was exploited during the fishing period in 1994.
Fujinaga and Nakao estimated adult mortality as being 76.3% from May to August, 1980 in Usu Bay. 9 They proposed that natural deaths after spawning and deaths by fishing were the cause of the high mortality rate. In the present study, we presume that fishing in Usu Bay has also seriously affected the whelk population. Although the lifespan of N. arthritica still remains unknown, it seems to be 6 years or more. The reason for this inference is the fact that an 80 mm-sized whelk, which was thought to be ≥ 4 years old, 1,2 was recaptured 2.6 years after its release (Fig. 3) . Assuming that first maturation occurs at age 3 years, 1, 2, 6 N. arthritica spawns at least three times during its lifetime. Neptunea arthritica spawns only 40-80 egg capsules, each of which bears only one juvenile. 6 The regulated size of whelks caught in Shiriuchi is larger than 60 mm, which is the maturation size of a female; hence, the fishing pressure seems to reduce the chance of adult whelks reproducing.
The Shiriuchi Fisheries Cooperative is reducing the fishing effort by restricting the fishing period and the number of traps allowed. But from the present study, we have shown that the exploitation rate under the present regulations is still rather high. The Cooperative also regulates catch size and promotes annual alternative use of fishing grounds. To examine the efficiency of these regulations, further studies will be necessary for clarifying the total life cycle of whelks.
